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Abstract 

Approximate density Functional Theory calculations were used to study the trans influence in [Mo(NH)CI3(PR3)2] °'+ 1 (R = H, Me 
and F) complexes. The geometries of the complexes have been fully optimized in the C2v point group. The extent of the 
lengthening of the bond between the metal and the trans chloride relative to the c/s chlorides appears to diminish as the electronic 
occupation of the molybdenum d orbitals is increased from d o to d z. In addition, the angular distortion of the c/s ligands away from 
the imido group also decreases as the metal d orbital occupation increases. These findings are in agreement with structural 
characterization of related complexes. The reason for the structural changes in these complexes has been identified as 
back-bonding from the metal to the phosphine ~r* orbitals in the d 2 complexes. The d 2 electrons reside in a molecular orbital that 
is bonding with respect to metal-phosphine interactions, and anti-bonding with respect to metal-c/s chloride interactions. The 
angular distortion is kept to a minimum in the d 2 complexes in order to maximize the overlap between the metal dxy orbital and 
the phosphine ~r* orbitals. As a consequence the metal-cis chloride bonds lengthen. The bonding energies between the 
[Mo(NH)CI 3]- and (PR3) 2 fragments have been calculated. The extent of back-bonding to the phosphines has been determined to 
be greatest when the phosphine is PF 3. Inclusion of d polarization in the phosphorus basis set slightly increases the extent of 
back-bonding to the phosphines. 
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1. Introduction 

Transition metal imido complexes have received 
particular attention owing to their importance in many 
diverse areas, including synthetic [1-3], metabolic [4] 
and industrial processes [5]. A characteristic feature of 
the geometries of octahedral imido complexes is the 
presence of a t rans  influence [6-10]. This t rans  influ- 
ence manifests itself as a lengthening of the metal- 
ligand bond t rans  to the imido group. Additionally, in 
six-coordinate complexes, the ligands c/s to the imido 
group tend to bend away from it to give a distorted 
pseudooctahedral structure (see Fig. 1). A similar t rans  

influence has been noted for other complexes with 
axial stereochemistry containing multiply bonded lig- 
ands such as imido, nitrido and oxo. 

Correspondence to: Professor D.M.P. Mingos. 

Wilkinson et  al. [11] have published the structures of 
a series of organoimido tungsten complexes in the IV, 
V and VI oxidation states. In particular the authors 
presented structural results for [W(NR)CI2(PR'3)3] + 
and [W(NR)CI2(PR'3)3]. Both of these complexes were 
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Fig. 1. Illustration of the trans influence in six-coordinate oetahedral 
complexes. 
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PR’ 

W-Cl_ = 244.3pm 

W-Cl, = 238.2pm 

W-P = 259.Opm 

1 

NR 

W-Cl,, = 250.lpm 

W-Cl, = 249.lpm 

W-P = 24l.lpm 

2 

cp = 93.18O 

6 = 90.210 

R = EtPhz 

MO-Cl,, = 248.6pm 

M&I, = 238.7pm 

Mo-P = 259.9pm 
MO-N = 172.5pm 

3 

found to have a pseudooctahedral structure with a cis 
mer configuration (see 1 and 2). 

Despite the configurational similarities of these two 
complexes, they appear to differ significantly in the 
extent of the truns influence exerted by the imido 
group on the trun.s chloride ligand. In the d’ complex, 
[W(NR)Cl,(PR’sO,]+, the fruns chloride has a bond 
length to tungsten that is 10 pm longer than the W-Cl,, 
bond. However, in the d2 complex the W-Cl,,,,, bond 
is actually shorter than the W-Cl,, bond by 1.5 pm. 

The phenomenon observed by Wilkinson et al. [ll] 
is not unique. Huffman et al. [12] made an analogous 
set of molybdenum complexes, and determined the 
structure of [Mo(Ntol)Cl,(PEtPh,l,] (see 3). 

For this d’ complex they observed the exertion of a 
tram influence on the fruns chloride. The truns chlo- 
ride had a bond distance to the metal that was 10 pm 
longer than the bond distances for the equatorial chlo- 
rides. Huffman et al. [12] noted that there are similar 
geometric distortions in related d’ imido complexes. In 
Table 1 structural data for [M(NR)Cl,_,(PR~),] com- 
plexes are summarised. There is a clear relationship 
between the d electron configuration of the metal and 
the length of bond between the metal and the ligand 
truns to the imido group. Additionally, the bending of 
the equatorial ligands away from the imido group di- 
minishes as the occupancy of the metal d orbitals 
increases. 

This evidence has led some authors [12] to conclude 
that the magnitude of the fruns influence exerted by a 
linear organoimido ligand in pseudooctahedral com- 
plexes is markedly dependent upon the electronic con- 
figuration of the metal. Thus for d2 complexes the 
tram influence is negligible; for d’ complexes the tram 
influence is of the order of 6-10 pm and for do 
complexes approximately 20-25 pm. 

Traditionally the truns influence in these a-donor 
complexes has been thought to be partly due to be a 
steric/ electrostatic phenomenon arising from repul- 
sions between the multiply bonded ligands and the 
ligands cis to it [17]. The structural trends observed by 
Wilkinson et al. [ll] contradict this model of the tram 
influence. In a previous study [18], we investigated the 
relative importance of steric/electrostatic and orbital 
effects on the truns influence. We have concluded that 
the interactions between the ligands and the metal 
valence orbitals have a larger role to play in determin- 
ing the extent of the truns influence. This has led us to 
investigate the reasons for the structural trends of 
[M(NR)Cl,_,(PR’J,l complexes. 

2. Computational details 

2.1. Molecular orbital calculations 
All calculations were based on approximate Density 

Functional Theory within the Local Density Approxi- 

TABLE 1. Structural data for [Mo(NH)CI,(PR,),]~**’ complexes 

Compound d,-, dwc,,q dM-%,,, d,-, Cl-M-N a P-M-N a 
(pm) (pm) (pm) (pm) (“I (“I 

[Mo(Ntol)Cl,(PEtPh,),] b 172.5 238.7 248.6 259.9 93.79 90.21 
lTc(NPh)C1,(PPh,),lC 170.4 241.5 240.4 250.3 92.55 93.20 
[WNPh)CI&PMes),l d 174.2 238.7 244.3 259.0 93.65 90.85 
[W(NPh)CI,(PMeJ,l d 175.5 249.1 250.1 247.8 
[Cr(N’Bu)C1,(PEtPh,),le 163.4 231.7 238.1 247.9 92.2 99.5 
[Ta(NPh)CI,(PEt,XTHF)] ’ 176.5 237.7 g 238.5 266.7 98.37 89.11 

a Average value. b ref. 12; ’ ref. 13; d ref. llb; e ref. 14; ’ ref. 15. g The trans influence in this complex is exerted on the THF Iigand. The THF 
distance is normally approximately 215 pm as reported in ref. 16. 
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mation [19-211, LDA. The exchange factor, (Y,,, was 
taken as 0.7 and the correlation potential was that of 
Stoll et al. [22,23] in the parameterization by Vosko et 
al. [24]. The reported calculations were performed uti- 
lizing the vectorized version of the HFS-LCAO program 
suite, ADF, developed by Baerends et al. [25,261, and 
vectorized by Ravenek [27]. The numerical integration 
procedure applied for the calculations was based on 
the scheme developed by Boerrigter and Tevelde [28]. 
The ns, np, nd, (n + 1)s and (n + l)p shells of molyb- 
denum were represented by a triple-l-ST0 basis set 
[29,30]. A double-l-ST0 basis set was employed for the 
ns and np shells of the main group elements. For 
nitrogen, this basis was augmented by a single 3d ST0 
function, and for hydrogen a 2p ST0 function was used 
for polarization. The calculations for all the molecules 
were performed twice. The first set of calculations 
employed an unpolarized basis set on phosphorus, while 
the second set included a single 4d ST0 function as 
polarization. For all atoms electrons in lower shells 
were considered as core and treated according to the 
method of Baerends et al. [25]. An auxiliary set [31] of 
s, p, d, f and g ST0 functions, centered on all nuclei, 
was used in order to fit the molecular density and 
present Coulomb and exchange potentials accurately in 
each SCF cycle. The total energy of the system was 
calculated according to the following equation: 

E=EHF,+E,+E,NL+E; (1) 

Here E,,, is the total statistical energy expression 
for the Hartree-Fock-Slater method, while E,, EFL 
and ETL are additional correction terms. The first 
correction term E, is a correlation potential for elec- 
trons of different spins in Vosko’s parameterization. 
The second term EFL is a non-local exchange correc- 
tion proposed by Becke [32]. Finally, EpL is a non-lo- 
cal correction to the correlation, proposed by Perdew 
[331. 

2.2. Energy decomposition scheme and bond energies 
The bond energies presented in this paper were 

evaluated according to the generalized transition 
method developed by Ziegler and Rauk [34]. In addi- 
tion this method decomposes the total energy of a 
system into steric and electronic components, allowing 
for a quantitative energetic analysis of the orbital inter- 
actions. The method has been applied successfully to a 
variety of transition metal complexes and has been 
reviewed recently [35]. All the bond energy calculations 
included gradient corrections developed by Becke and 
Perdew. 

2.3. Geometry optimizations 
All the calculations were performed in C,, symme- 

try. This is not an unreasonable limitation since most 
of the molecules have been structurally characterized 
as having approximate C,, symmetry. Full optimiza- 
tions within C 2U symmetry were performed for each 
molecule. The geometry optimization procedure was 
based on the method developed by Versluis and Ziegler 
[361. The geometries were optimized without including 
non-local gradient corrections, but it has been shown 
1371 that the effect of non-local gradient corrections on 
geometry optimizations is negligible. 

3. Results and discussion 

3.1. Geometries of [Mo(NH)CI,(PR,),]~~*’ complexes 
We have optimized the geometries of three 

[Mo(NH)C~,(PR,),]~~* 1 complexes (R = H, Me and F) 
with do, dr and d2 electronic configurations, corre- 
sponding to MO”], MO” and MO’” oxidation states 
respectively. The calculated structural data for these 
compounds, based on the geometric parameters shown 
in Fig. 2, are given in Table 2. The ligands PH,, PMe, 
and PF, were chosen to represent varying degrees of 
phosphine u-donor and r-acceptor abilities. 

TABLE 2. Calculated geometric data for [Mo@JH)C13(PR&J”, where R = H, Me and F and n = - 1, 0 or 1 

d,-, d M-P 
(pm) (pm) 

dM-ct_, 

(pm) 

174.0 244.7 256.2 

174.1 254.6 249.7 

173.4 253.8 251.3 
173.6 250.2 244.9 
173.8 258.2 240.1 
173.7 257.4 238.2 
173.9 253.1 235.6 
174.1 262.8 236.4 
174.0 263.4 229.3 

dM-cLr,n, dP-x d N-H 
(pm) (pm) (pm) 

251.4 147.6 103.7 

255.8 171.2 102.4 

243.4 166.8 102.6 
256.1 147.1 103.6 
252.3 170.3 103.7 
244.6 164.5 103.6 
243.4 145.6 105.0 
249.3 168.2 184.9 
239.2 161.2 104.9 

:, 
91.47 90.36 

91.16 90.33 

91.51 90.71 
93.01 91.2 
93.21 91.45 
92.89 92.22 
93.32 87.92 
93.97 93.01 
93.39 92.18 
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a=Cl-MO-N 

P=P-MO-N 

Fig. 2. Geometrical parameters of the [Mo(NH)cl,(PR,),l”~*l com- 
plexes. 

Firstly let us consider the data for the [Mo(NH)Cl,- 
(PR,),] * ’ complexes. For the MO”’ complex, with a do 
configuration, the imido group exerts a strong trams 
influence on the axial chloride ligand. The MO-Cl,,,,, 
bond distance is longer than the MO-Cl,, bonds. Addi- 
tionally, the equatorial ligands are bent away from the 
imido group. The angular distortion of the phosphines 
is slightly greater than that for the chloride ligands. 
Reducing the metal to the MO’” oxidation state results 
in a change in the geometry of the complex. It appears 
that the imido group no longer exerts a tram influence 
on the axial chloride, since the Mo-CI~,,,~ bond is now 
shorter than the bonds between molybdenum and the 
equatorial chloride ligands. In fact, relative to the 
MO”’ complex, the MO-Cl,, distances have increased 
by 18 pm. Interestingly, the bonds between the molyb- 
denum and the phosphines have shortened by 17 pm 
compared to the MO”’ complex. 

The calculated geometric trends with oxidation state 
presented here, are also observed for the other com- 
plexes that we have studied. The data for 
[Mo(NH)Cl,(PMe,),] and [Mo(NH)Cl,(PF,),l are 
given in Table 2. The results in Table 2 are in good 
agreement with the geometric trends observed experi- 
mentally for these complexes (Table 1). What appears 
to be happening is that the ability of the imido group 
to exert a tram influence on the axial chloride dimin- 
ishes, with increased metal electronic configuration. 
Indeed many authors attribute the geometric effects to 
inherent properties of d2 systems. However, there are 
many examples of d2 0x0, imido and nitrido complexes 
where a large tram influence is observed [381. There- 
fore, the geometric trends may not be explained simply 
as an inherent feature of d2 systems. 

3.2. Electronic structures of PR, Iigands 
An understanding of the nature of the bonding of 

the phosphine ligands, and moreover, the nature of the 
phosphine valence orbitals used in bonding with transi- 
tion metal fragments, is necessary to understand the 
geometric diversity of the [Mo(NH)Cl,(PR,)2]o~* ’ 
complexes. There have been numerous theoretical 
studies of trisubstituted phosphine compounds [37-461. 
Our intention is not to repeat these detailed studies 
but to give a summary of the bonding of these ligands 
as a preparation the subsequent discussion. 

Firstly, we consider PH,, the simplest of the three 
phosphines used in this study. The orbital interaction 
diagram for PH, is shown in Fig. 3. The la, and le 
orbitals correspond to three u bonds between the 
phosphorus and the hydrogens. Above these orbitals 
lies the 2a, orbital which is non-bonding. This is pre- 
dominantly composed of an sp* hybrid orbital on phos- 
phorus with minor contributions from the u orbitals of 
hydrogen. The sp* hybrid on the phosphorus is di- 
rected away from the hydrogen atoms. In effect, this 
orbital may be regarded as the lone pair orbital of 
PH,, and it is through this orbital that the PH, group 

Phosphorus PHs 

3P 

s 

Fig. 3. Fragment orbital diagram of PH,. 
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acts as a (T donor ligand. The LUMO of the PH, 
group is doubly degenerate and corresponds to the out 
of phase equivalent of the lower lying le set. Finally, 
the 3a, orbital (not shown in Fig. 3) lies above the 2e 
set. Like the 2e orbitals, the 3a, orbital corresponds to 
a g* interaction between the phosphorus and hydro- 
gens. The ordering of the levels found by our calcula- 
tions is in agreement with Xiao et d’s [47] study of the 
nature of phosphine frontier orbitals. 

The molecular orbital manifolds of PMe, and PF, 
are more complicated simply because of the larger 
basis sets of the methyl and fluorine ligands. Nonethe- 
less, the simplicity of the orbital interaction diagram 
for PH, still holds for PMe, and PF,. Both of these 
ligands have three low lying orbitals corresponding to 
u bonds, a non-bonding orbital centred on phosphorus 
as the HOMO, and a doubly degenerate unoccupied 
set corresponding to (T* interactions between the 
phosphorus and the ligands. The relative energies of 
these orbitals for the three phosphines are depicted in 
Fig. 4, with the corresponding atomic compositions 
given in Table 3. The energy level orderings are easily 
rationalized by the relative electronegativities of the 
ligands: Me < H < F. 

Traditionally, the bonding in metal phosphine com- 
plexes has been described in terms of u donation from 
the phosphine and back donation from the metal [48- 
491 to phosphorus d orbitals. The u donating orbital on 
the phosphine is the non-bonding 2a, orbital of Fig. 3. 
However, the exact nature of the rr acceptor orbital 
was less clear-cut. Historically, the accepted rationale 
was that low lying empty 3d orbitals on phosphorus 
acted as r acceptor orbitals [50,51]. Studies performed 
by Xiao et al. [47] showed the nature of the r acceptor 
orbitals to be a hybrid of phosphorus d and phosphine 
g* orbitals. Marynick [52] went further by showing that 
the r acceptor ability of phosphines could be fully 
accounted for by u* orbitals alone. Recently, Pac- 
chioni et al. [53] have reported work suggesting that d 
orbitals enhance the r acceptor ability of phosphines, 
but the d orbitals merely act as polarization functions. 

OeV 

-6 eV 

PMe, PF3 

1 1 eV 

“-!I- 
“i-b- 

“+- 

Fig. 4. Frontier energy levels of the PH,, PMe, and PF, phosphines. 

Indeed, Jacobsen et al. 1541 have found that the u* 
orbitals of thioethers also act as r acceptors in some 
complexes. Thus, the current consensus suggests that 
the u* orbitals of phosphines play a more important 
role in back donation in metal-phosphine complexes 
than the phosphorus 3d orbitals. 

The Ale of the 2a, and 2e orbitals of the phos- 
phines (referring to Fig. 3) and the importance of their 
relative energies in PH,, PMe, and PF, complexes is 
discussed more fully in later sections. 

3.3. Analysis of the [ii40(NH)Cl,l~ ’ fragment 
We have optimized the hypothetical [Mo(NH)CI,]- ’ 

fragment. We had two objectives in mind. Firstly, we 
wanted to ascertain the geometry of the d2 
[Mo(NH)CI,]-’ fragment prior to bonding to two 
phosphine ligands. Secondly, an analysis of the elec- 
tronic structure of this fragment is useful for the analy- 
sis of the phosphine complexes in a later section. 

TABLE 3. Atomic compositions of the HOMO and LUMO of the PR, ligands a 

Orbital Energy (eV) Atomic compositions 

P C F H 

2s 2P 2s 2P 2s 2P 1s 

PH, H - 6.45 0.15 0.59 - - 0.09 
PH, L 1.34 0.28 - - - 0.34 
PMe, H - 5.85 0.12 0.58 - 0.10 - 0.13 
PMe, L 0.98 0.17 - - - 0.20 
PF, H - 8.31 0.21 0.28 - - 0.27 - 
PF, L 0.13 - 0.47 - 0.21 

a H = HOMO and L = LUMO/unoccupied e set. 
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The optimized structure, together with the calcu- 
lated geometric parameters, are shown in Fig. 5. The 
metal-imido bond distance is calculated to be 172 pm, 
which is typical for second row transition metal-imido 
bond distances. The length of the MO-N bond and the 
linearity of the MO-N-H angle indicate strong u and 
7 bonds between the metal and nitrogen. The calcula- 
tions suggest a tram influence being exerted on the 
chloride ligand trmn to the imido ligand. This chloride 
has a bond distance to the metal that is 90 pm longer 
than the bond distances of the equatorial chlorides. 
Another characteristic feature of the tram influence is 
an angular distortion of the equatorial chlorides away 
from the imido group. The angular distortion is not 
very large in this fragment. 

The molecular orbital diagram for the [Mo(NH)- 
Cl,]-’ fragment is shown in Fig. 6. From the metal d 
orbitals the dZz and dX+z orbitals are employed for L+ 
bonding. In C,, symmetry these orbitals both trans- 
form as the a, irreducible representation, and there- 
fore the metal orbitals involved in (+ bonding are 
hybrids of the d,t and dXz_,,z orbitals. The remaining d 
orbitals are employed in r interactions with the ligand 
valence orbitals. These drr orbitals are symmetrically 
independent in C,, symmetry. Clearly, the 4s and 4p 
orbitals of the metal may also take part in orbital 
interactions, with the 4s and 4p, orbitals participating 
in u bonding, the 4p, participating in 7 bonding and 
the 4py orbital participating in both (+ and r bonding. 

The main u bonding interactions result in the la,, 
2a,, 2b, and 3a, shown in Fig. 6. The la, orbital is 
localized on atoms along the z axis and corresponds to 
overlap between the u orbitals of the imido and tram 

chloride ligands with a s/dZz hybrid on the metal. The 
s and d,z hybridization at the metal has resulted in this 

103.6 pm 

172.7 pm 

cb 250.9 pm 

Cl 

Fig. 5. Optimized geometry of the [Mo(NH)CIJ’ fragment. 
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z 

k Y 
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I 
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9. 
- 2bl $ 

” 

4 
- 101 

d 4 d 

Fig. 6. Selected molecular orbitals of the [Mo(NH)CI,]-’ fragment. 

orbital being directed along the z axis away from the 
equatorial chlorides. The 2a, orbital corresponds to u 
bonding interactions between the metal and the equa- 
torial chloride ligands. Once again, hybridization at the 
metal is used to maximize overlap with the ligand 
valence orbitals. A positive admixture of the d,z orbital 
into the dX2_,,2 orbital results in the latter being polar- 
ized along the y axis towards the chloride u orbitals. 
The 2b, and 3a, orbitals involve bonding interactions 
between the ligands and the metal p, and pZ orbitals 
respectively. 

The lb,, lb,, 3b, and 2b, orbitals correspond to r 
interactions in the molecule. The lb, orbital has a d,, 
contribution from the metal. Since this orbital is copla- 
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nar with the ligand plane, there are contributions from 
all the ligands to this molecular orbital. All the orbital 
interactions are in-phase, resulting in this orbital being 
the lowest lying r molecular orbital. The lb, orbital 
represents r bonding interactions mainly between the 
imido and truns chloride ligands. This orbital does not 
benefit from equatorial chloride contributions to the 
same extent as the lb, orbital, and therefore lies 
higher in energy. The 3b, and 2b, orbitals are very 
similar to the lb, and lb, orbitals. They differ in the 
magnitude of the contribution from the imido r or- 
bitals, and also because these orbitals are out-of-phase 
with respect to metal-equatorial chloride bonding. The 
out-of-phase contributions from the equatorial chlo- 
rides result in the relative ordering of the 3b, and 2bi 
orbitals shown in Fig. 6. 

The frontier orbitals correspond to non-bonding and 
antibonding interactions between the metal and the 
ligand valence orbitals. There are two points to note 
about the frontier orbitals. Firstly, the 4a, orbital 
(HOMO) is hybridized away from the equatorial chlo- 
rides towards the sites occupied by the phosphine 
ligands in the [Mo(NH)CI,(PR,),]~~* ’ complexes. Sec- 
ondly, the high lying 4b, orbital, which is mainly local- 
ized on the pX orbital of the metal, is also suitably 
oriented to overlap well with the phosphine ligands in 
the [Mo@JH)C~,(PR,),]~~*~ complexes. 

3.4. Electronic structures of [MO(NH)C~,(PR,),I~~* I 
complexes 

In the previous sections the electronic structures of 
[Mo(NH)Cl,]- ’ and PR, fragments were discussed. 
Now we shall discuss how the frontier orbitals of these 
fragments interact to produce the molecular orbitals of 
the parent [Mo(NH)C1,(PR,)J”,* ’ complexes. For the 
purposes of the discussion we restrict ourselves to the 
interactions between the PH, fragments and the 
[Mo(NH)ClJ’ fragment. The nature of the frontier 
orbitals of the phosphines are very similar, and so the 
discussion may readily be applied to the other phos- 
phines studied in these calculations. 

The interaction between the fragment orbitals is 
depicted in Fig. 7. On the right hand side are the linear 
combinations of the frontier orbitals of the two phos- 
phine groups. Essentially, the u frontier orbitals of the 
phosphine fragment dominate its orbital interactions 
with other fragments. There are two symmetry adapted 
linear combinations of the phosphine (T orbitals. These 
are labelled a&a,) and c,,(b,) for convenience. In addi- 
tion the unoccupied U* orbitals of the phosphine 
groups are included. The appropriate linear combina- 
tions are labelled a,*(a,) and a,*(b,). 

The metal fragment frontier orbitals are the same as 
those discussed previously. The strongest interaction 

bl 

\ 

Fig. 7. Selected molecular orbitals of [MO(NH)CI,(PR,),I~~* *. 

between the fragment orbitals is between the u.. and 0; 
orbitals of the phosphines and the la, and lb, orbitals 
of the metal fragment. These interactions result in four 
molecular orbitals (4-71, shown below. The bonding 
interactions, 4 and 5, correspond to donation of elec- 
trons from the phosphine u orbitals to the la, and lb, 
orbitals of the metal fragment. These molecular or- 
bitals correspond to MO-P u bonds. The simplicity of 

5 I 
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these orbital interactions belies the presence of impor- 
tant subtle interactions between the fragments. 

The la, orbital of the metal fragment has the same 
symmetry properties as the a,‘(a,) orbitals of the phos- 
phine fragments. The energy difference between these 
orbitals is large, but nonetheless, there is an overlap 
between these orbitals to the extent that the la, or- 
bital is slightly stabilized (see Fig. 7). If the resulting 
molecular orbital is occupied, then this interaction 
represents rr donation from the metal to the CT* or- 
bitals of the phosphine. The r acidity of the phos- 
phines is small in comparison to the u basicity, but the 
r acidity is strong enough to influence the geometry of 
the complex. In a d2 system, the r acidity of the 
phosphine provides a means of stabilizing an orbital 
that is r antibonding with respect to metal chloride 
interactions. For the complex to fully benefit from this 
stabilization, the MoNP angle should be as close to 90” 
as possible. As a consequence, in the d2 complex the 
equatorial ligands have angles close to 90”, while for 
the MoV’ complex, the angles are approximately 94”. 
Moreover, the MO’” complex is characterized by short 
MO-P bonds and long MO-C& bonds. This is related 
to the respective bonding and antibonding nature of 
the a2 orbital. The fauns influence of the imido group 
alters as the oxidation state of the molybdenum 
changes. The lengthening of the ligand truns to the 
imido group persists from MO”’ to MO’” complexes. 
The angular distortion of the equatorial ligands from 
an octahedron diminishes with decreasing oxidation 
state. The decrease in the angular distortion of the 
equatorial ligands results in the lengthening of the 
MO-Cl=$ bonds in the MO’” complex with respect to 
the MO complex. This gives the incorrect impression 
that the imido group no longer weakens the MO-Cl,,,,, 
bond. Our calculations show that the MO-Cl,,,,, bond 
length is virtually unaltered by the change in oxidation 
state of the metal. 

We assert that the geometric differences observed 
with changing oxidation state is not an inherent prop- 
erty of d2 systems, as stated by other authors. Rather, 
the geometric distortions are due to the properties of 

TABLE 4. Bonding energies and decompositions into steric and 
electronic interactions for the reaction [Mo(NH)CI,]- + 2PR, + 
[Mo(NH)CI,(PR,),]- with R = H, Me, and F 

All energies are given in k.l mol-l 

[Mo(NH)CI,]- +PH, 
[Mo(NH)CI,]- +PMe, 
[MotNH)CI,]- +PF, 

Total 
bonding 
energy 

- 122.8 
- 154.9 
- 173.2 

Steric 
energy 

517.4 
684.2 
584.2 

Orbital 
interaction 

- 640.2 
- 839.1 
- 757.4 

the equatorial ligands. If there are no r acceptor 
ligands arranged equatorially to stabilize the d2 elec- 
trons, then the angular distortion will be the same as 
the do case. 

Previously, phosphines have been thought to use 3d 
orbitals as r accepting orbitals. In a later section the 
effect of introducing a d polarization function to the 
phosphorus basis set is investigated. Firstly, the bond- 
ing interactions discussed in this section are quantita- 
tively investigated for all the phosphines used in the 
calculations. 

3.5. Bond analysis and energy decomposition 
The generalized transition state method provides 

not only accurate calculations of total bonding energies 
[34], but also the possibility of a detail bonding analysis 
[35,55,56]. The reader is referred to the literature [35] 
for a detailed description and a list of applications of 
the transition state method. 

For this discussion we shall employ the following 
expression for the total bonding energy: 

E = AE” + AE,, (2) 

The AE” term refers to the steric energy change 
due to bringing the various fragments together to form 
the molecule. This steric energy term is composed of 
the following terms: 

AE” = AEelst + AE,, + AE,,, (3) 

The electrostatic term A Eelst and A E,, are in 
general stabilizing while A E,, is in general destabiliz- 
ing. The AE,, term refers to the change in correla- 
tion energy of the system while the AE_, is an ex- 
change repulsion term that is directly related to desta- 
bilizing four-electron two-orbital interactions. 

The AE,, term may also be subdivided into energy 
terms corresponding to each irreducible representation 
of the point group of the molecule. Thus for C,, 
symmetry the electronic energy of the [Mo(NH)Cl, 
@'R,),l",*' complexes is 

AE,, = AEA, + AEA, + AE,, + AEBt (4) 

In Table 4 we have decomposed the total bonding 
energy of [Mo(NH)Cl,(PR,),l- into steric and orbital 
contributions. The most stable bonds are formed with 
R = F. 

To quantify the energetics of the fragment interac- 
tions we have decomposed the orbital interaction en- 
ergy into four irreducible representations of C,, sym- 
metry. We have presented these results in Table 5. 
This data refers to the orbital interactions between the 
phosphine ligands and the metal fragment. The inter- 
actions considered are u donation (8 and 9) and dr--a* 
back donation (10). 
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TABLE 5. Decomposition of the orbital interaction energy into 
contributions from different symmetries for [MdNH)CIs]- + 2PRs 
+ [MdNH)Cl,(PR,),]- with R = H, Me and F 

a, (%I a, (%I b, (%I b, (%o) 

ML; +PH, 63.1 10.0 25.2 1.7 
ML; +PMe, 64.4 8.1 25.4 2.1 
ML; +PF, 58.7 14.9 24.1 2.3 

It may be seen that for each of the three phosphines 
studied the a,a donation interaction is the strongest 
bonding interaction of all. However, there are varia- 
tions in the relative proportion of bonding energy 
accounted for the a, interaction for the three com- 
plexes. For the PH, and the PMe, phosphines the 
contribution from acar) donation from the phosphine 
lone pairs to the metal fragment represents approxi- 
mately 65% of the bonding energy. The u(ar) donation 
from PMe, is slightly higher than that for PH,. The 
other (+ donation interaction, b,, is not as stabilizing as 
the a, case. This interaction represents 25.4% of the 
orbital interaction energy for PMe, and 25.2% for 
PH,. For the PF, system, the u contributions are 
slightly smaller. For each phosphine, the contribution 
from the b, interactions is negligible. For each phos- 
phine there is a significant percentage of the orbital 
interaction energy due to the interaction shown in 10. 
The contributions of 8% and 10% for PMe, and PH, 
represent a reasonable degree of back donation from 
the metal to the phosphines. When fluorine is intro- 
duced into the phosphorus system the degree of back 
donation increases to 15% of the total orbital interac- 
tion. 

The greater percentage of back bonding ability of 
PF, relative to PMe, and PH, is also illustrated by the 
relative bonding energies in Table 4 and the MO-P 
distances in Table 2. In Table 6 we have given the 
computed occupations of pertinent fragment orbitals, 
obtained by a Mulliken population analysis. The u 
donation interactions in 8 and 9 have Q(a(a,)) and 

8 
81 

9 
bl 

TABLE 6. Occupation of Q(a(a,)), Q(a(br)) and Q(r) for the 
phosphine orbitals in 8, 9 and 10; obtained by Mulliken population 
analysis 

PF, PHx PMe, 

Qbh)) 1.85 1.79 1.74 
Q(a(bI)) 1.92 1.91 1.93 
Q(T) 0.21 0.11 0.10 

Q< cr(b,)) populations respectively. The dr-a l back 
donation interaction represented by 10 results in a 
Q(r) population on the u* phosphine orbital. Table 6 
shows that the PF, is a better acceptor of electrons 
from the metal d,, orbital. We find that the donor 
ability of the ligands is PMe, > PH, > PF, and the 
acceptor ability is PF, > PH, > PMe,. 

The greater acceptor ability of the PF, u* orbitals 
relative to the PH, and PMe, ligands may be at- 
tributed to the greater stability of the PF, u* orbitals. 
In addition the P-F u bond is more polarized towards 
fluorine than the P-X bond of PH, and PMe,. As a 
consequence, the P-F u* orbital is more localized on 
phosphorus than the corresponding orbital of PH, or 
PMe,, thus increasing the u*-metal overlap. 

Finally, as further evidence for the role of the phos- 
phine ligands in determining the geometries of these 
complexes we have optimized the structure of 
[Mo(NH)Cl,(NH,),]-. The optimized structure with 
relevant structural parameters is shown in Fig. 8. This 
molecule has a MO-Cl,,,,, bond length that is longer 
than the equivalent equatorial distances. Moreover, 
there is a strong angular distortion of the equatorial 
ligands from the imido group. This is in total contrast 
to the structure of the phosphine complexes and is 
readily explained by the lack of energetically accessible 
orbitals on the ammonia groups capable of accepting 
the electrons in the HOMO of the complex. Apart 
from the energetic inaccessibility of the ammonia u* 

Q N H3N-MO-N = 107.71’= 

Cl-MwN = 99.87O 

- MO = 253.lpm 

Fig. 8. Optimized structure of [Mo(NH)CI,WH,),I-. 
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TABLE 7. Decomposition of the orbital interaction energy into 
contributions from different symmetries for [Mo(NHJCI,]- + 2PFs 
+[MofNH)CI,(PF,),]- with and without d polarization in the 
phosphorus basis set 

a, (%o) a2 (%b) b, (%) b, (%o) 

With d polarization 55.6 18.7 23.9 1.8 
Without d polarization 58.7 14.9 24.1 2.3 

orbitals, these orbitals are more polarized on the hy- 
drogens compared to the equivalent orbitals of PH,. 

3.4. Inclusion of d polarization functions on phosphorus 
Recently it has been suggested [57,53] that phospho- 

rus d orbitals may enhance the acceptor abilities of the 
phosphine u* orbitals as shown in 11. 

11 
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The data in Table 7 indicate that the inclusion of d 
polarization on phosphorus slightly improves the back 
donation to the u* orbitals, but not to any significant 
extent, in agreement with previous studies [52,53]. 
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